We investigated the roles of fliF, fliS, flhB, fliQ, fliG, and fliI of Helicobacter pylori, predicted by homology to encode structural components of the flagellar basal body and export apparatus. Mutation of these genes resulted in nonmotile, nonflagellate strains. Western blot analysis showed that all the mutants had considerably reduced levels of both flagellin subunits and of FlgE, the flagellar hook protein. RNA slot blot hybridization showed reduced levels of flaA mRNA, indicating that transcription of the major flagellin gene is inhibited in the absence of the early components of the flagellar-assembly pathway. This is the first demonstration of a checkpoint in H. pylori flagellar assembly.
Helicobacter pylori is the causative agent of chronic superficial gastritis and is associated with the development of peptic ulcer disease, gastric carcinoma, and gastric lymphoma (3) . Motility is required for colonization by H. pylori and is essential for persistent infection in gnotobiotic piglets and mice (4, 6) . The bacterium has a unipolar bundle of flagella and displays active motility in viscous environments inhibitory to the motility of other bacteria (10) . The flagellum of H. pylori comprises three structural elements: a basal body, a flexible hook, and a flagellar filament. The filament is composed of two proteins: a minor species, FlaB (57 kDa), and the major species, FlaA (56 kDa) (14) . The corresponding genes, flaA and flaB, are not linked on the chromosome, and transcription is controlled by different sigma factors: 28 and 54 , respectively (16, 23) . It has been suggested that H. pylori can alter the mechanical properties of the flagellar filament in response to environmental signals by varying the relative amounts of FlaA and FlaB (24) . However, little is known about the regulation of flagellin gene expression or flagellar assembly in this bacterium.
The annotated genome sequences of H. pylori 26695 and J99 contain over 40 genes predicted by homology to be involved in the regulation, secretion, and assembly of the flagellar structure (1, 25) . However, compared to that in other bacteria, the organization of these genes is atypical. Whereas other bacterial flagellar genes are usually clustered in well-defined regions, H. pylori flagellar genes are distributed throughout the genome. Further, the genome lacks orthologues of the master regulators FlhC and FlhD and the anti-sigma factor FlgM. It also contains genes coding for additional flagellar proteins, including paralogues of FlaB and FlgE (HP0295 and HP0908, respectively), and two genes which appear to encode polar flagellins (25) . These peculiarities suggest that the mechanisms of flagellar assembly and flagellar gene regulation of H. pylori may differ substantially from those of other bacteria.
Putative 70 promoters have been identified upstream of genes encoding the early components required for flagellar assembly, including those for structural components of the export apparatus, motor, and basal body. An NtrC orthologue, FlgR, was identified as a transcriptional activator of 54 -dependent genes which encode structural components of the basal body-hook complex. The flgR gene is transcribed by 70 -directed RNA polymerase (22) . A model for flagellar-gene expression in H. pylori has been proposed in which 70 directs transcription of genes encoding the early components required for flagellar assembly-the export apparatus, motor, and basal body-and flgR. FlgR in turn activates transcription of 54 -dependent genes encoding the basal body-hook complex and represses flaA transcription (22) .
In Salmonella enterica serovar Typhimurium, the first structure in flagellar assembly is the MS ring (FliF). The next structure assembled is the C ring, which contains the switch proteins, FliG, FliM, and FliN. This is followed by rod assembly, for which several proteins, including FliI, FliQ, and FlhB, are required in addition to the rod structural proteins (17, 18) . These proteins are believed to be located at the cytoplasmic side of the basal body near the switch and to be components of the flagellum-specific export apparatus (17) . FliS, required for efficient elongation of the filament in serovar Typhimurium, is thought to be a cytoplasmic chaperone for flagellin export (18) . The genes encoding flagellar components in serovar Typhimurium are expressed in the order in which their products are assembled. This temporal control of gene expression is exerted at the level of transcription by the presence of an anti-sigma factor, FlgM, which must be exported through the central pore of the assembled basal body-hook complex for initiation of flagellin gene transcription (11) . Consequently, the absence of any of the structural components of the basal body-hook complex prevents expression of the flagellin gene. However, this is not the case in H. pylori. Mutants defective in FlgE, the hook protein, or other basal body-hook components still express both flagellin subunits, which accumulate intracellularly (19, 22) . Further, a mutation in flgR, which encodes the 54 transcriptional activator, and the resulting defect in expression of basal body and hook genes appear to increase transcription of flaA (22) . As H. pylori lacks an FlgM orthologue (25) and the absence of the basal body-hook complex does not appear to prevent flagellin expression, it has been suggested that flagellar biosynthesis in H. pylori is not as highly regulated as in other bacteria.
Previous studies have investigated the role of fliI, fliQ, and flhB, which in serovar Typhimurium encode components of the flagellar export apparatus (9, 12) . Mutation of any one of these genes in H. pylori results in nonmotile, nonflagellate strains, demonstrating an essential role in flagellar biosynthesis (9, 12) . Porwollik and coworkers also constructed fliI and fliQ mutants and confirmed these findings (20) . In the study reported here, we have constructed isogenic mutants of fliF, fliG, and fliS. We demonstrate that in addition to fliQ, flhB, and fliI, the genes fliF, fliG, and fliS are required for flagellum synthesis and motility. Further, we show that mutations in any of these genes result in reduced amounts of FlaA and FlaB and the flagellarhook subunit, FlgE. To determine whether the absence of FlaA was due to transcriptional regulation, we investigated the transcription of flaA in these mutants by slot blot analysis of total RNA.
Bacterial strains and growth conditions. The wild-type strain was SS1 (8, 15) . H. pylori was stored at Ϫ80°C in brain heart infusion broth (Oxoid, Basingstoke, United Kingdom) containing 15% glycerol and 10% fetal calf serum (SigmaAldrich, Poole, United Kingdom). Strains were grown in brain heart infusion broth containing 10% fetal calf serum or on Helicobacter-selective agar, consisting of blood agar base no. 2 (Oxoid) supplemented with 7% lysed defibrinated horse blood (TCS Microbiology, Botolph Claydon, United Kingdom) and Dent's selective supplement (Oxoid), in a microaerobic atmosphere at 37°C.
Construction of flagellar mutants. Defined isogenic mutations were constructed in the genes listed in Table 1 . Mutants were constructed by inverse PCR mutagenesis and allelic replacement as described previously (5, 9, 27) . To minimize the chance of polar effects, plasmid clones in which the kanamycin resistance cassette was inserted in the same orientation as the mutated gene were selected for electroporation, as the cassette lacks transcription terminators (7, 26) . Confirmation of double crossovers leading to allelic replacement and elimination of the vector was obtained by gene-specific primer PCR and Southern blotting (data not shown). As the fliI and fliF genes are each transcribed as part of an operon, we performed reverse transcriptase PCR on total RNA from these mutants by using a Superscript cDNA synthesis kit (Life Technologies, Paisley, United Kingdom) to confirm the presence of mRNA specific for the downstream gene in each case (data not shown).
Motility testing. The standard 0.3% stab agar motility test was used to assess motility (13) . The wild-type strain, SS1, formed diffuse colonies with large, swarming halos. In contrast, all mutants formed dense colonies without swarming (data not shown).
Electron microscopy. Overnight cultures were examined by electron microscopy for the presence of flagellar-organelle structures, as described previously (9) . First, 0.5 ml of culture was mixed with 0.5 ml of 2% (vol/vol) glutaraldehyde solution and incubated at room temperature for 10 min. Fixed bacteria were recovered by centrifugation at 3,000 ϫ g for 2 min and were resuspended in 150 l of water. Whole bacterial cells were negatively stained with 1.5% (wt/vol) potassium phosphotungstate (pH 6.4) and were examined by transmission electron microscopy. Wild-type bacteria had multiple sheathed flagella, in contrast to the mutants, which were all nonflagellate (data not shown). In an H. pylori flhA mutant, short structures (30 to 100 nm long) were occasionally observed and assumed to be flagellar hooks (21) . No such structures were apparent in any of the mutants examined in this study.
Western blot analysis. Bacteria were harvested from 10-ml cultures at an optical density at 600 nm of Ϸ1.0, resuspended in 0.5 ml of phosphate-buffered saline (pH 7.4), and lysed by ultrasound (ultrasonic processor; Jencons Scientific Ltd., Leighton Buzzard, United Kingdom). The soluble fraction was recovered by centrifugation at 10,000 ϫ g for 5 min. A bicinchoninic acid protein assay kit (Pierce, Rockford, Ill.) was used to quantify total protein, and samples containing 20 g of protein were separated using 12% polyacrylamide gels (Novex Electrophoresis, Frankfurt, Germany). For Western blot analysis, proteins were transferred to nitrocellulose (Hybond C pure; Amersham Pharmacia Biotech, St. Albans, United Kingdom) using a semidry transfer unit (Amersham Pharmacia Biotech). Blots were incubated with mouse antibody F2B9 (12), reactive with FlaA, FlaB, and the hook protein, FlgE, and bound antibodies were detected using polyvalent antimouse immunoglobulin-alkaline phosphatase conjugate (Sigma-Aldrich). In the wild-type strain, the two flagellin proteins of 56 kDa (FlaA) and 57 kDa (FlaB) were visible (Fig. 1, lane  1) . A 78-kDa band corresponding to the FlgE hook protein was also detected. In contrast, expression of flagellins and the hook protein was greatly reduced in each mutant (Fig. 1, lanes 2 to  7) .
RNA slot blot hybridizations. Total RNA was isolated from 10-ml cultures at an optical density at 600 nm of Ϸ1.0 using the RNeasy protocol (Qiagen, Crawley, United Kingdom), and genomic DNA was eliminated using DNase I (Promega, Southampton, United Kingdom). RNA for hybridization was applied to Hybond N (Amersham Pharmacia Biotech) using a slot blot filtration manifold (Hoefer) as previously described (2) . DNA probes were labeled with [␣-
32 P]dCTP (3,000 Ci mmol Ϫ1 ) using a Rediprime kit (Amersham Pharmacia Biotech) and were hybridized with the blots at 42°C for 16 h in buffer containing formamide (AMS Biotechnology Ltd., Witney, United Kingdom). The flaA and 16S rRNA probes were generated by PCR using primers (flaA, 5Ј-ATGGCTTTTCAG GTCAATAC-3Ј and 5Ј-AGTTAAAAGCCTTAAGATAT-3Ј; 16S rRNA, 5Ј-ACGCCGCGTGGAGGATG-3Ј and 5Ј-GCTC CCCACGCTTTCGC-3Ј) based on DNA sequences obtained from the website of The Institute for Genomic Research (http://www.tigr.org/tdb/CMR/ghp/htmls/SplashPage.html). Membranes were washed with 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) 0.1% sodium dodecyl sulfate at 55°C and were analyzed using a Storm 840 scanner (Molecular Dynamics, St. Albans, United Kingdom). Hybridizations were quantified using ImageQuant, version 5.0, software (Molecular Dynamics), and the flaA hybridization intensities were adjusted using the 16S rRNA hybridization data to allow for minor differences in the amounts of wild-type and mutant RNA. Hybridizations were repeated at least three times using a minimum of two independent RNA preparations, and the median hybridization intensities are reported in Table  2 . A typical hybridized blot is shown in Fig. 2 . The results show that the levels of flaA mRNA are considerably reduced in all mutants compared to the wild-type strain.
Our studies have shown that a feedback mechanism, which prevents expression of flagellin subunits when a fully functional flagellum cannot be assembled, occurs at the earliest stage in flagellar assembly. The absence of either FliF or FliG, structural components of the MS ring and switch complex, respectively, prevents the expression of FlaA, FlaB, and FlgE. In the case of FlaA expression, control is exerted at the level of transcription. This study has also shown that the absence of FliS, FlhB, FliQ, or FliI-components of the flagellum-specific export apparatus-also reduces flaA transcription. To our knowledge, this is the first direct demonstration that flaA transcription in H. pylori is inhibited in the absence of the early components of the flagellar-assembly pathway. The mechanism by which this control is exerted is unknown. However, the demonstration that a mutation in flgR, the gene encoding the NtrC orthologue, results in enhanced transcription of flaA (22) suggests that this transcription factor may be responsible. Further studies are required to fully elucidate the regulatory control of flagellar biosynthesis in H. pylori. a Hybridizations were repeated at least three times using a minimum of two independent RNA preparations. 
